Abstract. To understand the mechanisms of transport for organelles in the axon, we isolated and sequenced the cDNA encoding KIF4 from murine brain, and characterized the molecule biochemically and immunocytochemically. Complete amino acid sequence analysis of KIF4 and ultrastructural studies of KIF4 molecules expressed in Sf9 cells revealed that the protein contains 1,231 amino acid residues (Mr 139,550) and that the molecule (ll6-nm rod with globular heads and tail) consists of three domains: an NH2-terminal globular motor domain, a central u-helical stalk domain and a COOH-terminal tail domain. KIF4 protein has the property of nucleotide-dependent binding to microtubules, microtubule-activated ATPase activity, and microtubule plus-end-directed motility. Northern blot analysis and in situ hybridization demonstrated that KIF4 is strongly expressed in juvenile tissues including differentiated young neurons, while its expression is decreased considerably in adult mice except in spleen. Immunocytochemical studies revealed that KIF4 colocalized with membranous organelles both in growth cones of differentiated neurons and in the cytoplasm of cultured fibroblasts. During mitotic phase of cell cycle, KIF4 appears to colocalize with membranous organelles in the mitotic spindle. Hence we conclude that KIF4 is a novel microtubuleassociated anterograde motor protein for membranous organelles, the expression of which is regulated developmentally.
blot analysis and in situ hybridization demonstrated that KIF4 is strongly expressed in juvenile tissues including differentiated young neurons, while its expression is decreased considerably in adult mice except in spleen. Immunocytochemical studies revealed that KIF4 colocalized with membranous organelles both in growth cones of differentiated neurons and in the cytoplasm of cultured fibroblasts. During mitotic phase of cell cycle, KIF4 appears to colocalize with membranous organelles in the mitotic spindle. Hence we conclude that KIF4 is a novel microtubuleassociated anterograde motor protein for membranous organelles, the expression of which is regulated developmentally.
T HE neuron is a highly polarized cell composed of dendrites, a cell body, and a long axon. Because of the lack of protein synthesis machinery in the axon, proteins necessary in the axon or synapses must be transported down the axon. In this way, the neuron is an excellent model system for studying the mechanisms of intracellular organelle transport. In the anterograde axonal transport, there are two distinct flows: the fast flow that transports most of the membranous organelles, and the slow flow that transports cytoskeletal components (Grafstein and Forman, 1980) . Electron microscopic observations of axons have identified crossbridge structures between microtubules and membranous organelles as candidates for organelle transporters (Hirokawa, 1982; Miller and Lasek, 1985; Hirokawa and Yorifuji, 1986; Hirokawa et al., 1989) . Some of these crossbridges could be the two previously identified molecular motors, kinesin and brain dynein. Kinesin generates movement along a microtubule for its plus-end (Brady, 1985; Vale et al., 1985a,b) , and it localizes on anterogradely transported organelles in the axon ; it is thus considered to be an anterograde motor. In contrast, mains similar to the KHC motor domain. Among them, KAR3, KIP1, and CIN8 proteins were demonstrated to be capable of microtubule-binding in vivo (Meluh and Rose, 1990; Saunders and Hoyt, 1992) , and ncd, KRP85/95, Eg5, and MKLP-1 proteins were shown to have motility activity in vitro (McDonald et al., 1990; Cole et al., 1992; Nislow et al., 1992; Sawin et al., 1992a; Chandra et al., 1993) . No significant sequence similarity was detected in those proteins except for the motor domain, and these unique regions are thought to interact with cargoes carried by these motor proteins. All the members of the kinesin superfamily previously identified participated in mitosis or meiosis except Uncl04, which was thought to play a role in synaptic vesicle transport in neurons in C. elegans.
In neurons, various kinds of intracellular components (such as mitochondria, precursors of synaptic vesicles, precursors of axonai plasma membranes, dense cored vesicles, etc.) are transported along microtubules at different velocities and directions in axons or dendrites, and are delivered to their proper destinations (Grafstein and Forman, 1980; Hirokawa et al., 1990 Hirokawa et al., , 1991 . Our structural studies revealed several different kinds of crossbridge structures between microtubules and membranous organelles (Hirokawa, 1982 (Hirokawa, , 1993 Hirokawa and Yorifuji, 1986) . Thus, it is likely that new motors besides the two previously identified ones, kinesin and brain dynein, are necessary to carry several different kinds of organelles at different velocities and directions. To understand the mechanisms of organdie transport further, we recently identified five members of the kinesin superfamily (KIF1-5) in the murine central nervous system by PCR technique (Aizawa et al., 1992) .
In this study, we isolated cDNA clones of KIF4 from the mouse brain cDNA library, and revealed that KIF4 is a novel microtubule-based plus-end directed motor protein for membranous organelle transport in juvenile tissues, the expression of which is developmentally regulated.
Materials and Methods

Cloning of KIF4 cDNA
Preparation of the Xgtl0 cDNA library from poly(A) + RNA of 5-d-old murine brains and amplification of KIF4 eDNA fragment was performed as previously described (Aizawa et al., 1992) . To isolate a complete eDNA clone for KIF4, we screened 5 × 105 independent clones of the 5-d-old murine brain eDNA library using the 32p-labeled KIF4 eDNA fragment (pKIF4; 486 bp) as a probe (see Fig. 1 a) . Hybridization was performed by established method (Maniatis et al., 1982) . We obtained a positive clone (XKIF403) of 4.5 kbp in length. The EcoRI insert of the positive clone was subcloned into the EcoRI site of the pUCI8 plasmid vector (Takara, Kyoto, Japan), and the nucleotide sequences of both strands were determined by the dideoxy chain-termination method (Sanger et al., 1977) . Next, BstXI/NcoI fragment (K4BN) and BstXI/HindIII fragment (K4BH) within the hKIF403 eDNA insert were also used as probes for screening, and two overlapping clones (XKIF4m and MGF4c) were obtained ( Fig. 1 a) . Using EcoRI/Smal fragment (K4ES) as a probe, several positive clones which covered the 5' region of MOF403 were obtained (data not shown).
Phylogenetic Analysis of Kinesin Superfamily
The phylogenetic tree of the head sequences of the kinesin superfamily proreins, and the alignment and distance matrix used to generate it were produced using the CLUSTAL V program (Higgins et al., 1992) , which uses the neighbor-joining method of Saitou and Nei (1987) . The region between IFAY'GQT and LAGSE was used for this tree. The sequences used to generate the tree were obtained from GenBank and PIR databases and some references.
Preparation of Recombinant Baculovirus
KIF4 cDNA insert encoding the entire coding region of KIF4 was excised by digestion with KpnI and EcoRI from pUCI8 and made blunt ends with Klenow fragraent. The fragment was inserted into the SmaI site of pAcYM1 transfer vector, which contains viral polyhedrin promotor for expression of the cloned cDNA insert (Matsuura et al., 1986) . The insect cell line Spodopetra frugiperda (Sf9) was maintained in TC-100 medium (GIBCO BRL, Gaithersburg, MD) supplemented with bactotryptose broth and 10% fetal calf serum at 270C as described (O'Reilly et ai., 1992) . To obtain recombinant baculovirus containing KIF4 eDNA, St9 cells were cotransfected with BaculoGold virus DNA (PharMingen, San Diego, CA) and pAcYM1 carrying KIF4 eDNA. Recombinant virus was purified by endpoint dilution assay (O'Reilly et al., 1992) , and amplified by four successive infections at 0.1 multiplicity of infection (MOI) to obtain high titration (107 plaque-forming units/ml) stock, which was used to infect a monolayer or suspension culture of St9 cells for the recombinant KIF4 expression.
Purification of Recombinant KIF4 Protein from Sf9
Sf9 cells infected by recombinant baculovirus at about 10 MOI were harvested at 72 h after infection. All procedures below were performed on ice or at 4oc to prevent proteolysis. After washing with SFg-PBS (1 mM Na2PO4, 10.5 mM KH2PO4, 140 mM NaCI, and 40 mM KCI, pH 6.2), cells (10 t° cells packed in 5 ml vol) were suspended with 15 ml PHEM (50 mM Pipes, 50 mM Hepes, pH 7.2, 1 mM EGTA, 1 mM MgCl2, and 5 mM DTT) containing protease inhibitors (1 mM phenylmethylsulfonylfluoride, 1 #g/ml pepstatin A, 10 ttg/rnl ieupeptin, and 10 /~g/ml tosyl arginine methyl ester). Cells were homogenized with a teflon-glass homogenizer, and clarified by centrifugation at 150,000 g for 30 min. The supernatant was incubated on ice for 30 min after the addition of 1 mM AMP-PNP, 0.3 mg/ml tubulin, and 30 ~M taxol. Tubulin was purified from porcine brain as described (Shelanski et al., 1973) . The sample was centrifuged at 100D00 g for 60 rain, and the pellet was resuspended with PHEM containing 10 mM MgATP and 200 mM KCI. After the addition of 30 ~M taxol, the sample was incubated at 4°C for 10 rain, and centrifuged at 100,000 g for 60 min. The supernatant was overlaid on a 5-20% sucrose density gradient solution and centrifuged at 120,000 g for 18 h. Fractions were analyzed by SDS-PAGE, ATPase activity and in vitro motility assay. KIF4 sedimented slightly slower than conventional kinesin, and the authentic insect cell motor was enriched in a slightly heavier fraction (see fraction 5 in Fig. 3 b) than KIF4 (fraction 7). The heaviest KIF4 fraction (fraction 6), therefore, was discarded to avoid the contamination of the authentic Sf9 motor. The peak KIF4 fraction (fraction 7) was applied to a Sepharose Q fast flow (Pharmacia LKB Nuclear, Gaithersburg, MD) anion exchange column equilibrated with PHEM buffer, and eluted with 20 ml of linear salt gradient (100-300 mM NaC1). KIF4 was eluted '~150 mM NaCI (see fractions 4 and 5 in Fig. 4 c) , and trace amount of authentic motor was eluted with more than 250 mM NaCI. The purest KIF4 fraction (fraction 4) was pooled and dialyzed against PHEM, and clarified by centrifugetion at 100,000 g for 15 min. Protein concentration was determined by Bradford's method (Bradford, 1976 ) with bovine serum albumin as the standard. This fraction was used for the analysis of ATPase activity, motility, and single molecule structure.
ATPase Activity Assay
The ATPase activity was measured by the method of Seals et al. (1978) with some modifications (Maeda et al., 1992) . The reaction was started by the addition of 10 td of 10 mM ATP ([7-32p]ATP) to solution (90 t~l) containing KIF4 (0.1 mg/mi) in the presence or absence of taxol-microtubule (0.1 mg/ml). After incubation at 25°C for 10 min, the reaction was stopped by the addition of 10 #1 of 10% SDS to the solution. Free phosphate was separated from ['y-32plATP by organic extraction as a phospbomolybdate complex generated by adding 100 #1 of phosphate reagent (2 vol of 10 N H2SO4, 2 vol of 10% (wt/vol) ammonium molybdate and 1 voi of 0.1 M silicotungstic acid) to the terminated reaction mixture. The organic phase was removed for liquid scintillation counting. was observed by VEC-DIC microscopy using an Axiophot microscope, a Planneofluor xl00 NA 1.30 objective (Zeiss, Thornwexxl, NJ) , and an Argusl0 image processor (Hamamatsu, Bridgewater, NJ). The image was recorded with a EVO-9650 Hi8 videotape recorder (Sony, Tokyo, Japan).
Low-angle Rotary-shadowing EM
Low-angle rotary-shadowing EM was performed as described previously (Hiroakwa et al., 1989) . Purified KIF4 (0.1 mg/ml) was adjusted to 0.5 M ammonium acetate and 30% (vol/vol) glycerol in 20 mM Pipes (pH 6.9), 1 mM EGTA and 1 mM MgC12. This mixture was then sprayed onto freshly cleaved mica flakes, which were subsequently dried under a vacuum. Rotary-shadowing with platinum was performed at an angle of 6 ° using a Balzers model 301 freeze fracture apparatus (Balzers, Hudson, NH), and the replicas were observed with a JEOL 2000EX electron microscope at 12016/. The dimensions of various domains of KIF4 molecules were determined by quantitative morphometrie methods as described previously (Hirokawa et al., 1989) .
Northern Hybridization
Total RNA was prepared from neonatal, 5-d-old, 14-d-old, and adult murine tissues (brain, kidney, liver, spleen, lung, heart, and testis) by the guanidium isothiocyanate/cesium chloride method (Maniatis et al., 1982) . Poly(A) + RNA was purified by oligo (dT) cellulose column chromatography (Maniatis et al., 1982) . RNA was quantified by measuring the absorbance at 260 nm, and integrity and amount of the loaded RNA was checked by staining with ethidium bromide following agarose gel electrophoresis. The RNA sample was denatured and electrophoresed in an agarose gel containing 2.2 M formaldehyde. After electrophoresis, the RNA was transferred to a nylon filter (HybondrU-N+, Amersham Inc., Arlington Heights, IL) and cross-linked by UV irradiation. The eDNA fragment of pKIF4 (KIF4A), HindIII/HindIlI fragment (KIF4C) within the KIF4 eDNA insert, and a PCR fragment of KHC were used (Fig. 1 a) . These probes were labeled by a multiprime DNA labeling system as hybridization probes. Hybridization was carried out at 650C for 8 h in a rapid hybridization buffer (Amersham Inc.). The filters were washed in 0.1× SSC-0.1% SDS at 65"C for 30 rain and exposed to x-ray film.
In Situ Hybridization
Adult and 5-d-old mice were fixed by perfusion with 2 % paraformaldehyde in 0.1 M phosphate buffer (pH 7.2). The cerebra and cerebella of 5-d-old mice and the spleens of adult mice were then removed and fixed for two additional hours at 4°C. Then the samples were processed as described previously with some modifications (Takemura et al., 1991; Aizawa ¢t al., 1992) . As a probe, the NcoI/BstXI (KIF4B) and HindIII/HindRI fragments (KIF4C) within the KIF4 eDNA insert were used. 3sS-labeled probes were generated using the hexanucleotide priming method.
Cell Culture
L cells (mouse fibroblast cell fine) were cultured in Dulbecco modified eagle medium (GIBCO BRL) containing 10% fetal calf serum. PI9 cells (mouse embryonic carcinoma cell line) were cultured and differentiated into neural cells by retinoic acid (10 -7 M) as described previously (Rudnicki and McBurney, 1987; Tanaka et al., 1992) .
Antibody Preparation
Anti-KIF4 antisera were obtained from rabbits into which purified KIF4 protein from SD cells was injected as antigen. Anti-KIF4 antibody was further affinity-purified from the antisera by the method of Olmsted (1981) using recombinant KIF4 protein purified from bacterial cells. The expression plasmid for the recombinant KIF4 protein (pllJ) was constructed as follows. A 3.0-kb DraI/BamHI fragment of KIF4 eDNA was inserted into a pET3d vector (Novagen, Inc., Madison, W1). The plasmid pl 1J encodes the polypeptide of KIF4 (amino acids residues 78-1,071) with an additional methionine residue on its NH2-terminal and an additional 20 residues (RLLTKPERKLSWLLPPLSNN) on the COOH-terminal. The recombinant KIF4 protein was expressed by E. coli strain BL21 (DE3) pLysS carrying the pllJ plasmid in minimal medium M9ZB (Studier et al., 1990) supplemented with 100/zg/ml ampicillin and 1 mM isopropyl-beta-D-thiogalaetopyranoside at 370C for 3 h. The bacterial cells were harvested by centrifugation, suspended in 100 mM Pipes (pH 6.8), 2 mM EGTA, and 1 mM MgCI2, and sonicated. The expressed KIF4 polypeptide was purified from inclusion bodies as described previously (Harlow and Lane, 1988) .
Immunoblot
After gel electrophoresis, proteins were transferred onto Immobilon TM membrane (Millipore Corp., Bedford, MA) as described (Towbin, 1979) . The membrane was stained by anti-KIF4 antibody using HRP-conjugated goat anti-rabbit antibody as a second antibody or 125I-protein A for quantitative experiments.
SubceUular Fractionation
Cultured cells were homogenized in 9 vol of solution containing 250 mM sucrose, 10 mM Hepes (pH 7) and a cocktail of the protease inhibitors by teflon homogenizer. The homogenate was sequentially centrifuged at 600 g for 10 rain, 5,000 g for 10 rain, 8,000 g for 10 rain, and 100,000 g for 60 min to collect pellets as nuclear, heavy mitochondria, light mitochondria (5,000-8000 g), and microsomal fractions (100,000 g), respectively. The final supernatant was also collected as a soluble fraction.
Immunocytochemistry
Cells were rinsed with PBS (10 mM sodium phosphate buffer, pH 7.4, 150 mM NaCI), fixed with 2% paraformaldehyde and 0.1% glutaraldehyde in PBS, and then permeabilized with 0.5% Triton X-100 in PBS. If necessary, cells were permeabilized for 5 rain at 37°C with 0.02% saponin in PEM supplemented with 10/~M taxol before fixation with 2% paraformaldehyde in PEM in the presence of 10 #M taxol and 0.5% Triton X-100. After brief washes with PBS, the fixative was quenched with 50 mM glycine in PBS. The cells were then incubated with the blocking solution (10% normal goat serum and 5 % bovine serum albumin in PBS), followed by incubation with primary antibodies. As primary antibodies, affinity-purified anti-KIF4 antibodies, anti-tubulin monoclonal antibodies (DM1A; Amersham Corp., Westbury, NY) and anti-neurofilament M monoclonal antibodies (NNI8; Boehringer Mannheim Corp., Indianapolis, IN) were used. Normal rabbit IgG, preimmune serum, and affinity-purified antisera absorbed with KIF4 were used as controls. Rhodamine-conjugated goat anti-rabbit immunoglobulins (Cappel Laboratories, Cochranville, PA) and FITC-conjugated goat anti-mouse immunoglobulins (Amersham Corp.) were used as second antibodies. After coverslips were mounted with 50% glycerol and 50 mg/ml 1,4-diazobicyclo[2,2,2]-octane (Sigma Chem. Co., St. Louis, MO) in PBS (pH 8.6), the samples were observed with an Axiophot microscope (Zeiss). Some samples were observed with a confocal laser scanning microscope (CLSM) (LSM410; Zeiss).
Electrophoresis
SDS-PAGE was performed according to the method of Laemmli (Laemmli, 1970) using 7.5% (wt/voi) polyacrylamide gels. Molecular weight markers used were purchased from BioRad (Richmond, CA). Gels were stained with 0.1% Coomassie blue R.
Chemicals
Taxol was generously supplied by Dr. N. R. Lomax (Natural Product Branch, Division of Cancer Treatment, National Cancer Institute, Bethesda, MD). All other chemicals used were of reagent grade.
Results
Isolation and Characterization of KIF4 cDNA Clones
We isolated a KIF4 eDNA clone (XKIF~3) of 4.5 kbp in length as described in Materials and Methods. Northern blot analysis using KIF4 eDNA fragments KIF4A and KIF4C demonstrated that the KIF4 transcript was 4.5 kbp in length (see Fig. 8 ). Since the size of the largest clone, XKIF403, approximately corresponded to that of the KIF4 transcript (4.5 kbp), we supposed that XKIF403 contained a full length of the KIF4 transcript. Then, we determined the nueleotide and predicted amino acid sequence of KIF4 (Fig. 1 b) . XKIF403 was found to encode a single open reading frame of 3,693 members of the kinesin superfamily. These data indicated that KIF4 is a novel member of the kinesin superfamily. According to the secondary structure prediction of the ChouFasman and Robson-Gamier methods (Chou and Fasman, 1974; Gamier et al., 1978) , the NH2-terminal motor domain (amino acid residues 1-350) is considered to be a globular structure. The central domain (amino acid residues 351-1,005) is predicted to contain three large t~-helical rod structures (residues 401--489, 554-750, and 811-1,005). Among the three, two helices (residues 401-489 and 811-1,005) showed the characteristic heptapeptide-repeats d, e, f, g, a, b, c with enrichment of hydrophobic residues at positions d and a, while the other helix (residues 554-750) did not (Fig.  2) . Thus it is predicted that the et-helical stalk domain is able to produce the coiled-coil structure with another molecule. The COOH-terminal domain (amino acid residues 1,006-1,231) is predicted to form a globular structure, and contains significantly abundant Ser residues (13.8 %).
Phylogenetic Analysis of KIF4 and Other Kinesin Superfamily Proteins
To analyze the structural relationship of motor proteins, we have conducted an amino acid sequence comparison among head domains of kinesin superfamily proteins (between the conserved IFAYGt~ and LAGSE) using a distance matrix and the neighbor-joining method (Saitou and Nei, 1987; Fig. 3). In the rootless phylogenetic tree generated by this procedure, the distance along the branches connecting two sequences is a measure of the percent difference in their amino acid sequence. The tree demonstrated that kinesin superfamily contains at least seven families and several other outgroups. This classification was confirmed by the fact that the sequence homology in the region outside the motor domain was not significant between the different families, while it a KHC 10( was highly significant among the members belonging to the same family. COOH-terminal motor domain type proteins such as ncd and KAR3 were all categorized in one family, and here we call it as CKIF (C-terminal motor type Kinesin superFamily protein) family. The central motor domain type proteins like KIF2 were also classified into one family, KIF2 family. And the remaining five families have motor domain at their NH2-terminal.
Before our report on KIF4, four NH2-terminal motor type families were recognized: KHC family, BimC family, Uncl04 family, and KIF3 family (Goldstein, 1993 Goldberg, unpublished data. GenBank accession number L19117) also showed relatively high similarity to KIF4 even outside the motor domain (identity 31%, similarity 58%), although this value means that KLPX3a could not be a Drosophila homologue of KIF4. Thus we consider that the three proteins belong to a new NH2-terminal motor type family, KIF4 family.
Expression of Recombinant KIF4 in Sf9 Cells and Its Purification
For biochemical and biophysical characterization of KIF4 protein, we examined KIF4 protein with the baculovirus-St9 expression system (O'Reilly et al., 1992) . This system is considered to produce more native molecules than a bacterial expression system by eukaryotic post'translational modifications and by correct folding machinery. Recombinant KIF4 protein expressed in St9 cells was cosedimented with microtubules in the presence of 2 mM AMP-PNP (Fig. 4 a,  lane 3) . The pellet was resuspended with PEM containing 10 mM ATP and 200 mM KCI, and KIF4 protein released from the microtubules was collected as the supernatant after centrifugation (Fig. 4 a, lane 6) . The release of expressed KIF4 by 10 mM ATP was not efficient in the absence of 200 mM KC1. A control experiment using parent virus infected cells, which express /$-galactosidase instead of KIF4, revealed that this fraction contained authentic microtubule dependent motors, probably Sf9 kinesin (data not shown). We further purified the supernatant fraction by sucrose density gradient centrifugation. KIF4 was enriched around fraction 7 (Fig. 4 b) . Analysis of ATPase activity of each fraction indicated that microtubule-activated ATPase activity was predominantly enriched around fraction 7, corresponding to the KIF4 protein (data not shown). Before this peak, a trace of microtubule-activated ATPase activity was recovered. A control experiment with parent virus showed that this was an authentic motor enriched fraction, and the KIF4 fraction contained only a trace amount of authentic motor. In order to remove the trace amount of St9 kinesin from the KIF4 fraction, the fraction was further subjected to anion exchange column chromatography (Q-fast flow). The profile of ATPase activity of the fractions was completely consistent with the protein elution profile of KIF4, suggesting that the final fraction (fraction 4 in Fig. 4 c) contained no other ATPase factors than KIF4 (data not shown). We confirmed that SI9 authentic motors were retained in the columns under the conditions used, and that no ATPase activity was detected in the anion-exchange column chromatography when we used Sf9 cells infected with control virus as a starting material (data not shown).
Microtubule-binding Activity and Motility Assay of KIF4
The primary structure of KIF4 strongly suggested that the molecule is an ATP-dependent motor protein in the microtubule system. In fact, purified KIF4 protein associated and dissociated with microtubules in the presence of AMP-PNP and ATP, respectively (Fig. 5 ). KIF4 has ATPase activity (6.1 nmol/mg/min), and this activity was activated 35-fold by microtubules (2.1 × 102 nmol/mg/min). Furthermore, we observed the motility of microtubules on KIF4-coated coverslips. At a high concentration of KIF4 (2 mg/ml), microtu- The pellets (lanes 1, 3, and 5) and supernatants (lanes 2, 4, and 6) of the first three centrifugation steps were analyzed by SDS-PAGE (a). KIF4 was concentrated by cosedimentation with microtubules in the presence of AMP-PNP (lane 3), and released from them by ATP and KC1 (lane 6). This fraction was further purified by sucrose density gradient (SDG). The SDG fraction was analyzed by SDS-PAGE (b). Microtubule activated ATPase activity showed one large peak corresponding to the peak of KIF4 protein (lanes 6, 7, and 8). Trace microtubule-activated ATPase activity due to authentic insect cell motor protein was recovered before this peak (lane 5). To avoid the contamination of authentic motor by the possible overlap of these two peaks, only lane 7 was applied to the anion exchange column. The profile of ATPase activity of the eluate was perfectly consistent with the protein elution profile of KIF4 (c). The control • experiment showed that the authentic motor was eluted in much later fractions. The purest KIF4 fraction (lane 4) without even a trace amount of authentic motor contamination was used for the assays. The positions of molecular mass markers (200, 116, 97, 66, and 43 kD) are shown on the left side of the gels, and the position of the KIF4 band is shown on their right side (arrowhead).
bules moved 10-fold slower (0.034 + 0.004 #m/s, n = 44) than kinesin (Fig. 6 A) . At a low concentration of KIF4 (0.2 mg/ml), most microtubules formed bundles and showed no motility (data not shown).
Next, we used axonemes from Chlamydomonas flagella to determine the direction of motility (Paschal and Vallee, 1987) . Axonemes showed no tendency to form bundles and moved at 0.20 + 0.02 #m/s (n = 45) even with a low concentration of KIF4 (0.1 mg/ml) (Fig. 6 B) . The speed was 40% of that of kinesin. Almost all axonemes (98/100) moved to- Figure 5 . Nucleotide dependent and independent binding of KIF4 to microtubules. Purified recombinant KIF4 was mixed and incubated with polymerized purified microtubule in the presence of nucleotide or salt, and the microtubules were spun down by centrifugation. The pellets (p) and the supernatants (s) were analyzed by SDS-PAGE. In the control condition (CTRL) without microtubules, all KIF4 was recovered in the supernatant, but almost all KIF4 bound to microtubules without exogenous nucleotide ( ward the compact (minus) end on KIF4 coated coverslips indicating that KIF4 is a plus-end directed motor protein.
The speed of axoneme was about six times faster than microtubule. This correlates with the KIF4 concentration required to move them; microtubule requires about 10 times concentrated KIF4 than axonemes. Thus, microtubule appears to be a worse substrate for KIF4 than axoneme. For most microtubule dependent motor protein reported to date, however, it is rather difficult to move axonemes than microtubules. What causes this difference? We consider that the bundling of microtubule exerts some drag force against KIF4, which slows or inhibits its movement. Axonemes were not bundled even in the presence of KIF4, and KIF4 could translocate them without any resistance. This speculation was supported by the assay using proteolytically digested KIF4 fragment. The fragment showed no microtubule bundling activity, and translocated microtubules at the same velocity as axonemes (data not shown).
Single Molecule Structure of KIF4
How does KIF4 protein translocate along microtubules using ATP hydrolysis energy? In order to understand the energy conversion mechanism of KIF4, it is essential to have information concerning the ultrastructure of the molecule. Thus, we investigated the single molecular structure of KIF4, especiaUy in comparison with that of kinesin (Hirokawa et al., 1989) . Low-angle rotary-shadowing technique revealed a characteristic morphological feature of the KIF4 molecule as summarized in Fig. 7 . Most of the KIF4 molecules took on a rod-shaped structure, and each molecule had two globular domains on one end. This two heads and one rod structure is quite similar to the ultrastructure of kinesin (Hirokawa et al., 1989) except for the size of the rod domain. The total length of the KIF4 molecule (116 + 4 nm, n = 77) is longer than that of kinesin (80 nm). The long diameter of the KIF4 head (12 + 0.6 nm, n = 53) is similar to that of kinesin (10 nm). About half of the rod-shaped structure appeared straight, while the rest was bent at the middle of the molecule. The position of the hinge found within the rod-like region was located about 60 + 10 nm (n = 30) from the near edge of the globular heads. The head domain of kinesin was previously shown to correspond to the motor domain, and two molecules of kinesin heavy chain were considered to construct the a-helical coiled coil structures corresponding to the rod-like structures (Hirokawa et al., 1989) . The primary structure of KIF4 indicates that this protein has putative u-helical coiled coil structures in its central domain. Taking these data together, we conclude that KIF4 protein exists as a parallel or-helical coiled-coil homo dimer with two globular motor domains on its one end. The other end of KIF4 molecule showed an ambiguous filamentous tail structure. Since the tail region of kinesin was considered to be the interaction site of light chains and membrane organelles, this ambiguous structure of the KIF4 tail region might be caused artificially by the absence of its associated proteins in the St9 cells. Bar, 100 nm.
Northern Hybridization of KIF4
Northern blot analysis was performed in order to examine the size, developmental expression, and tissue distribution of the KIF4 transcript (Fig. 8) . As probes, KIF4A in the motor domain and KIF4C covering the COOH-terminal domain in addition to the consensus region were used. Both of the probes detected a single transcript of 4.5 kbp in length (Fig.  8 a) , and the transcript was expressed in murine brain until postnatal day 5. The expression then became gradually weaker, and was almost completely absent in adult brain. In Figure 8 . Northern blot analysis of the KIF4 transcript. (a) Samples (2 #g) of poly(A) + RNA from 5-d-old (lanes 1 and 3) and adult (lanes 2 and 4) murine brains were analyzed using KIF4A (lanes 1 and 2) and a PCR fragment of KIF5 (lanes 3 and 4) as probes. , heart (lane 6), and testis (lane 7) were analyzed using KIF4C as a probe. We checked the size and loaded amounts of the rRNAs as the internal standard markers. The positions of 28S and 18S rRNAs are marked.
contrast, KHC was expressed constantly throughout murine brain development (Fig. 8 a) . At postnatal day 0, KIF4 transcript was expressed in all other tissues examined (Fig. 8 b) . As the mouse grew, the expression of KIF4 decreased in all tissues except the spleen. In the adult mouse, KIF4 was expressed almost exclusively in the spleen tissue, with only a trace amount being expressed in other tissues.
In Situ Hybridization of KIF4
To further examine the details of the expression pattern of KIF4 in brain, we performed in situ hybridization. As probes, we selected KIF4B and KIF4C corresponding to nucleotides 1,838-3,375 and 3,116-3,461 of KIF4 cDNA, respectively, both of which show no significant similarity to the other nucleotide sequences. In fact, probe KIF4C can recognize only a single transcript by Northern blot analysis (Fig. 8) . We observed the distribution of the KIF4 transcripts in 5-d-old murine brain in comparison with/3-actin as control. The expression of KIF4 mRNA was shown to be particularly enriched in the hippocampus and cerebellar cortex (Fig. 9) . The KIF4 mRNA was expressed in the CA1, CA2, CA3, and dentate gyrus regions of the hippocampus (Fig. 9 , A and C), as well as in the outer and inner granular layers of the cerebellar cortex (Fig. 9, B and D) . At higher magnification, signals of KIF4 were detected on pyramidal cells in the hippocampus and on granular cells in the cerebellum (Fig. 9, E and F) . ~actin transcripts were detected in all areas of the cerebrum and cerebellum (data not shown; see Takemura et al., 1991) . In situ hybridization of KIF4 transcripts in adult brain showed signals of the background level only (data not shown). Therefore, it was concluded that KIF4 was expressed predominantly in young neurons. 2) . Approximately 10 ~ cells were homogenized with 1 ml buffer as starting materials. Each fraction by sequential centrifugation was suspended to 1 ml buffer, and an aliquot (10 ~1) was loaded in each lane.
Intracellular Localization of KIF4 Protein
What kind of components does KIF4 transport in the cells? To get some insight into the answer to this question, we investigated the intracellular localization of KIF4 in cultured cells. First, we stained mouse L cells with the anti-KIF4 antibody, because L cells express native KIF4 at a high level (Fig. 10 a) . In interphase cells, the staining with anti-KIF4 antibody showed punctate patterns with vague filamentous staining and diffuse cytoplasmic staining (Fig. 11 b) . In most cells, we observed also some staining in nuclei. Confocal microscopic observation of a double-stained sample clearly showed that the punctate staining corresponds to some membranous organelles, and that the filamentous staining was colocalized with microtubules ( Fig. 11, dand e) . This observation confirmed the idea that KIF4 functions as a microtubule-dependent motor, which transports membranous organelles in interphase cells. In fact, standard subcellular fractionation with sequential centrifugation showed that more than half of KIF4 was recovered in the microsomal fraction, but not in heavy nor light mitochondrial fractions (Fig. 10 c) .
Next, we investigated the localization of KIF4 in mitotic L cells. Anti-KIF4 antibody stained the mitotic apparatus and also cytoplasmic structures in a punctated fashion (Fig.  12) . The punctate staining appeared similar to that in interphase cells, and thus we consider that KIF4 colocalized with small membranous organelles both in interphase and mitotic cells. The staining of the mitotic apparatus colocalized with spindle microtubules suggests the two following possibilities: KIF4 takes part in the sliding of spindle microtubules as a mitotic motor, or KIF4 is bound to membranous organelles enriched along spindle microtubules as shown in the staining with anti-kinesin antibody in sea urchin eggs (Scholey et al., 1985; Wright et al., 1991) .
Finally, we examined the intracellular localization of KIF4 protein in juvenile neuronal cells, because the neuron provides a good model system for investigating the mechanism of intracellular organdie transport along microtubules, and because KIF4 is predominantly expressed in juvenile neurons. An embryonic carcinoma cell line, P19, can be induced to differentiate to neuronal ceils in vitro, and has been intensively studied for the expression time course of neuronal markers (Tanaka et ai., 1992) . Therefore we chose this cell line as a model. Immunoblot analysis showed that this cell line expressed KIF4 protein before neural induction, and that the expression increased transiently after neural induction and showed a gradual decrease subsequently (Fig. 10, a and  b) . KIF4 protein was detected in neurites and growth cones of growing neurons (36--48 h after neural induction) (Fig. 13  a) , which were identified as neurons by their morphological characteristics and positive staining with anti-neurofilament antibody (Fig. 13 b) . Observation of the growth cones at higher magnification demonstrated that KIF4 staining revealed a punctate organelle pattern with vague filamentous staining colocalized with microtubules ( Fig. 13, d and f ) . These data strongly suggest that KIF4 transports membranous organelles along microtubules to the active growth cones of juvenile neurons.
Discussion
KIF4 Is a Novel Member of Kinesin Superfamily with NHrterminal Motor Domain (Heads) and COOH-terminal Tail
The secondary structure prediction of KIF4 from its amino acid sequence suggested that the molecule was composed of three domains: the NHe-terminal globular motor domain, the central tx-helicai stalk domain, and the COOH-terminal tail domain. This three domain structure of KIF4 coincides well with the molecular shape of recombinant KIF4 observed by the low-angle rotary-shadowing technique under electron microscopy which indicated that KIF4 works as a homodimer. The COOH-terminai tail domain of KIF4 showed a fine filamentous tail resembling that of KHC under electron microscopic observation. Because the tail of KHC was shown to interact with light chains and organelles (Hirokawa et al., 1989) , the structural resemblance of KIF4 and kinesin molecules suggests that the tail region of KIF4 may also interact with other molecules such as light chains and organelles. Although the sequence homology was not significant outside the motor domain, the three domain structure and overall ultrastructure of KIF4 resembles those of KHC and KIF3A/3B except for the length of the central stalk domain (Hirokawa et al., 1989; Kondo et al., 1994 ; Yamazaki, H., T. Nakata, Y. Okada, and N. Hirokawa, manuscript submitted for publication). This structural resemblance suggests that the mechanisms of the mechanochemical transport systems of these microtubule-based motors (KHC and KIF4) are basically identical. Figure 11 . Subcellular localization of KIF4 in interphase L cells. Interphase L cells were double stained with affinity-purified anti-K/F4 antibody (b and d) and anti-tubulin antibody (a and e), and were observed by conventional microscopy (a-c) and CLSM (d-g) . With conventional microscopy, anti-KIF4 antibody stained the cytoplasm diffusely with fine punctate and filamentous structures (b), while no stain was observed in the control stain with preadsorbed affinity-purified anti-KIF4 antibody supplemented with preimmune sera (c). CLSM revealed both the filamentous stain colocalized with microtubules and distinct punctate staining suggesting membranous organdies 
KIF4 Is a Plus-end Directed Microtubule Dependent Motor
In this report, we demonstrated that KIF4 was a motor protein moving toward the plus-end of microtubules. Until now, four other members of the kinesin family have been shown to move on microtubules in vitro. All of the NH2-terminal motor types, KHC, Eg5, MKLP-1, KIF3A, and KIF4 move on the microtubules to the plus-end. On the other hand, COOH-terminal motor type, ned, moves on the mierotubules to the minus-end (McDonald et al., 1990; Chandra et al., 1993) . These data support the idea that the localization of the motor domain in the primary structure and its characteristic sequences determine the direction of transport.
We found that KIF4 induced microtubule bundling in vitro, and that KIF4 partially cosedimented with microtubules even in the presence of ATP, while the addition of KCI increased the release of KIF4 from microtubules. These data suggest that KIF4 may have a nucleotide-insensitive microtubule-binding site other than its motor domain and that this molecule could be able to slide microtubules in opposite directions to each other. The immunofluorescence data on the intracellular localization of KIF4 indicated that some of the protein coloealized with microtubules, especially in mitotic spindles, where microtubules are considered to slide in opposite directions to each other during anaphase B in mitosis. KHC was also shown to bind to microtubules with the tail domain in cells transfected with KHC eDNA (Navone et al., 1992) . However, at present we can not exclude the possibility that the lack of light chains or other associated proteins in the baeulovirus-expression system artificially caused the ATP-independent interaction of KIF4 with microtubules.
KIF4 Is Expressed Predominantly in Juvenile Tissues and Its Expression Is Controlled Developmentally
The KIF4 transcript was present in juvenile brain but was almost completely absent in adult murine brain. This expression pattern was also the case for other tissues such as kidney, liver, lung, heart, and testis, while spleen expressed KIF4 very strongly both in juvenile and adult mice. This developmentaUy regulated expression of KIF4 is quite different from the expression of KIF5, a conventional brain-specific KHC, which is expressed in both juvenile and adult brains equally. This regulated expression suggests that KIF4 plays an important role in cell division. This is consistent with the In growth cones, punctate pattern of KIF4-staining was remarkable and staining along microtubules was also observed (d and f). Bars: (b) 50 /zm; (e, g, and m) 10/zm. results that KIF4 colocalized with spindle microtubules. Kinesin-related proteins which are involved in mitosis such as cut7 + (Hagan and Yanagida, 1992) , Xenopus egg kinesinrelated protein Eg5 (Sawin et al., 1992b) , diatom kinesinrelated protein , MKLP-1 (Nislow et al., 1992) , and CENP-E (Yen et al., 1992) were all colocalized in mitotic spindles or centrosomes. On the other hand, KIF4 expression was prominently decreased in adult testis in which mitotic and meiotic cells are abundant, and KIF4 was expressed strongly in adult spleen where the percentage of dividing cells is not considered higher than other tissues examined. Moreover, we demonstrated that KIF4 was expressed in terminal-differentiated neurons such as inner granule cells in the cerebellar cortex and that KIF4 localized in growth cones and neurites in cultured neuronal cells. These data clearly suggest that KIF4 plays important roles in terminal-differentiated cells as well as in proliferating cells.
KIF4 Associates with Membranous Organelles Both in Mitotic Spindles and Neurites
The intracellular localization of KIF4 studied by immunocytochemistry and subcellular fractionation suggests that KIF4 mainly associates with some membranous organelles. In L cells, at least half of the KIF4 associated with membranous organelles recovered in the microsomal fraction, but not in heavy nor light mitochondrial fractions. We also observed punctate staining of KIF4 in mitotic spindles, where a lot of membranous organelles move dramatically along microtubules. We think it reasonable to speculate that KIF4 could be an organelle transporter in the spindle. This speculation can explain the apparent abundance of KIF4 in juvenile tissues where relocalization of organelles during and after mitosis is needed in the proliferating cells.
During the development of the murine brain, first neurons in the hippocampus are generated from the ventricular germinal zone on embryonic day 10 (El0) in the mouse fetus (Caviness, 1973) . Neuron formation in the hippocampal region is then completed before birth (Bayer, 1980) . However, neurons in the dentate gyrus continue to be formed until postnatal day 20 (Angevine, 1965) . In the cerebellum, undifferentiated neurons in the outer granular layer move through the molecular layer into the inner granular layer, growing and differentiating till postnatal day l5 (Fujita, 1966) . Because our in situ hybridization data clearly showed the expression of KIF4 mRNA in hippocampal pyramidal cells and inner granular cells in cerebellum on postnatal day 5, it was concluded that KIF4 mRNA is expressed abundantly in differentiated neurons. This means KIF4 has also a function not related to mitosis.
In cultured neuronal cells, KIF4 exists in both neurites and growth cones. In the latter, KIF4 associated with small membranous organeUes. This result suggests that KIF4 transports anterogradely small membranous organelles from cell body to growth cones along microtubules in growing neurites of juvenile neurons.
KIF4 is considered to play a role both in cell division and axonal transport. These diversed functions of the motor protein were also reported in the case of conventional kinesin (Wright et al., 1993) . Kinesin was considered to transport precursor membranes of nucleus in mitotic spindles and also transport membranes in neuronal axons. However, judging from the developmentally regulated expression and localization, KIF4 seems to be a unique anterograde motor protein which transports membranous organelles specific in juvenile neurons, but general in nonneuronal cells. We have little data of the cargo of KIF4 until now, but obviously it is an important question that ought to be resolved in near future.
